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ABSTRACT
We obtain the constraints on scalar leptoquarks coming from radiative cor-
rections to Z physics. We perform a global fitting to the LEP data including
the contributions of the most general effective Lagrangian for scalar leptoquarks,
which exhibits the SU(2)L×U(1)Y gauge invariance. Our bounds on leptoquarks
that couple to the top quark are much stronger than the ones obtained from low
energy experiments.
1. Introduction
A large number of extensions of the SM predict the existence of color triplet
particles carrying simultaneously leptonic and baryonic number, the so-called lepto-
quarks. Leptoquarks are present in models that treat quarks and leptons on the same
footing, such as composite models,1 grand unified theories,2 technicolor models,3 and
superstring-inspired models.4
Since leptoquarks are an undeniable signal for physics beyond the SM, there have
been several direct searches for them in accelerators. At the CERN Large Electron-
Positron Collider (LEP), the experiments established a lower bound MLQ>∼45–73 GeV
for scalar leptoquarks.5 On the other hand, the search for scalar leptoquarks decaying
into an electron-jet pair in pp¯ colliders constrained their masses to be MLQ>∼113 GeV.6
Furthermore, the experiments at the DESY ep collider HERA7 place limits on their
masses and couplings, leading to MLQ>∼92 − 184 GeV depending on the leptoquark
type and couplings. There have also been many studies of the possibility of observing
leptoquarks in the future pp,8 ep,9,10 e+e−,11 eγ,12 and γγ13 colliders.
In this work we study the constraints on scalar leptoquarks that can be obtained
from their contributions to the radiative corrections to the Z physics. We evaluated
the one-loop contribution due to leptoquarks to all LEP observables and made a global
fit in order to extract the 95% confidence level limits on the leptoquarks masses and
couplings.14 The most stringent limits are for leptoquarks that couple to the top quark.
Therefore, our results turn out to be complementary to the low energy bounds15,16 since
these constrain more strongly first and second generation leptoquarks.
The masses and couplings of leptoquarks are constrained by low-energy exper-
iments, since the leptoquarks induce two-lepton–two-quark effective interactions, for
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energies much smaller than their masses.15,16 The processes that lead to strong limits
are:
• Leptoquarks can give rise to flavor changing neutral current (FCNC) processes
if they couple to more than one family of quarks or leptons.17,18 In order to avoid strong
bounds from FCNC, we assumed that the leptoquarks couple to a single generation of
quarks and a single one of leptons. However, due to mixing effects on the quark sector,
there is still some amount of FCNC15 and, therefore, leptoquarks that couple to the
first two generations of quarks must comply with some low-energy bounds.15
• The analyses of the decays of pseudoscalar mesons, like the pions, put stringent
bounds on leptoquarks unless their coupling is chiral – that is, it is either left-handed
or right-handed.17
• Leptoquarks that couple to the first family of quarks and leptons are strongly
constrained by atomic parity violation.19 In this case, there is no choice of couplings
that avoids the strong limits.
It is interesting to keep in mind that the low-energy data constrain the masses
of the first generation leptoquarks to be bigger than 0.5–1 TeV when the coupling
constants are equal to the electromagnetic coupling e.15
The bounds on scalars leptoquarks coming from low-energy and Z physics exclude
large regions of the parameter space where the new collider experiments could search
for these particles, however, not all of it.8,10–13 Notwithstanding, we should keep in
mind that nothing substitutes the direct observation.
2. Effective Interactions and Analytical Expressions
A natural hypothesis for theories beyond the SM is that they exhibit the gauge
symmetry SU(2)L × U(1)Y above the symmetry breaking scale v. Therefore, we im-
posed this symmetry on the leptoquark interactions. In order to avoid strong bounds
coming from the proton lifetime experiments, we required baryon (B) and lepton (L)
number conservation. The most general effective Lagrangian for leptoquarks satisfying
the above requirements and electric charge and color conservation is9
Leff = LF=2 + LF=0 ,
LF=2 = (g1L q¯cL iτ2 ℓL + g1R u¯cR eR) S1 + g˜1R d¯cR eR S˜1 + g3L q¯cL iτ2 ~τ ℓL · ~S3 ,(1)
LF=0 = h2L RT2 u¯R iτ2 ℓL + h2R q¯L eR R2 + h˜2L R˜T2 d¯R iτ2 ℓL ,
where F = 3B+L, q (ℓ) stands for the left-handed quark (lepton) doublet, and uR, dR,
and eR are the singlet components of the fermions. We denote the charge conjugated
fermion fields by ψc = Cψ¯T and we omitted in (1) the flavor indices of the couplings to
fermions and leptoquarks. The leptoquarks S1 and S˜1 are singlets under SU(2)L while
R2 and R˜2 are doublets, and S3 is a triplet. Furthermore, we assumed in this work that
the leptoquarks belonging to a given SU(2)L multiplet are degenerate in mass, with
their mass denoted by M .
Local invariance under SU(2)L × U(1)Y implies that leptoquarks also couple to
the electroweak gauge bosons. To obtain the couplings toW±, Z, and γ, we substituted
∂µ by the electroweak covariant derivative (Dµ) in the leptoquark kinetic Lagrangian:
DµΦ =
[
∂µ − i
e√
2sW
(
W+µ T
+ +W−µ T
−
)
− ieQZZµ + ieQγAµ
]
Φ , (2)
where Φ stands for the leptoquarks fields, Qγ is the electric charge matrix of the
leptoquarks, sW is the sine of the weak mixing angle, and the T ’s are the generators
of SU(2)L for the representation of the leptoquarks. The weak neutral charge is QZ =
(T3 − s2WQγ)/sW cW .
We employed the on-shell-renormalization scheme, adopting the conventions of
Ref. [20]. We used as inputs the fermion masses, GF , αem, and the Z mass, and the
electroweak mixing angle being a derived quantity that is defined through sin2 θW =
s2W ≡ 1 −M2W/M2Z . We evaluated the loops integrals using dimensional regularization
and we adopted the Feynman gauge to perform the calculations.
Close to the Z resonance, the physics can be summarized by the effective neutral
current
Jµ =
(√
2GµM
2
Zρf
)1/2 [(
If3 − 2Qfs2Wκf
)
γµ − If3 γµγ5
]
, (3)
where Qf (If3 ) is the fermion electric charge (third component of weak isospin). The
form factors ρf and κf have universal contributions, i.e. independent of the fermion
species, as well as non-universal parts:
ρf = 1 +∆ρuniv +∆ρnon , (4)
κf = 1 +∆κuniv +∆κnon . (5)
Leptoquarks can affect the physics at the Z pole through their contributions
to both universal and non-universal corrections. The universal contributions can be
expressed in terms of the unrenormalized vector boson self-energy (Σ) as
∆ρLQuniv(s) = −
ΣZLQ(s)− ΣZLQ(M2Z)
s−M2Z
+
ΣZLQ(M
2
Z)
M2Z
− Σ
W
LQ(0)
M2W
− 2sW
cW
ΣγZLQ(0)
M2Z
− χe − χµ ,(6)
∆κLQuniv = −
cW
sW
ΣγZLQ(M
2
Z)
M2Z
− cW
sW
ΣγZLQ(0)
M2Z
+
c2W
s2W
[
ΣZLQ(M
2
Z)
M2Z
− Σ
W
LQ(M
2
W )
M2W
]
, (7)
where the factors χℓ are defined below. The leptoquark contributions to the self-energies
can be easily evaluated, yielding
ΣVLQ(k
2) = −αem
4π
Nc
∑
j
FVj H
(
k2,M2
)
, (8)
where Nc = 3 is the number of colors and the sum is over all members of the leptoquark
multiplet. The coefficient FVj is given by (Qγj )2,
(
QjZ
)2
, −QγjQjZ , and
(
T j3
)2
/s2W for
V = γ, Z, γZ, and W respectively. The function H is defined according to:
H(k2,M2) = −k
2
3
∆M − 2
9
k2 − 4M
2 − k2
3
∫ 1
0
dx ln
[
x2k2 − xk2 +M2 − iǫ
M2
]
, (9)
with
∆M =
2
4− d − γE + ln(4π)− ln
(
M2
µ2
)
, (10)
and d being the number of dimensions.
The factors χℓ (ℓ = e, µ) stem from corrections to the effective coupling be-
tween the W and fermions at low energy. Leptoquarks modify this coupling, inducing
a contribution that we parametrize as
i
e√
2sW
χℓ γµPL , (11)
where PL (PR) is the left-handed (right-handed) projector and ℓ stands for the lepton
flavor. Since this correction modifies the muon decay, it contributes to ∆r, and con-
sequently, to ∆ρuniv. Leptoquarks with right-handed couplings, as well as the F = 0
ones, do not contribute to χℓ. The analytical for χℓ due to left-handed leptoquarks in
the F = 2 sector can be found in Ref. [14].
Corrections to the vertex Zff¯ give rise to non-universal contributions to ρf and
κf . We parametrize the effect of leptoquarks to these couplings by
i
e
2sW cW

γµFZfV LQ − γµγ5FZfALQ + If3 γµ(1− γ5)cWsW
ΣγZLQ(0)
M2Z

 , (12)
where for leptons (ℓ) and leptoquarks with F = 2
F ℓV LQ = ±F ℓALQ =
g2
LQ,X
32π2
Nc
∑
j,q
M jℓq
†
M jqℓ{
gq
X
2
− sW cWQjZ −
(
gqX + 2sW cWQ
j
Z
)
M2−m2q
M2
Z
[
−1
2
ln
(
M2
m2q
)
+ B¯0(0, m
2
q ,M
2)
]
+2sW cWQ
j
Z
M2−m2q−
1
2
M2
Z
M2
Z
[
− ln
(
M2
m2q
)
+ B¯0(M
2
Z ,M
2,M2)
]
+gqX
M2−m2q−
1
2
M2
Z
M2
Z
B¯0(M
2
Z , m
2
q, m
2
q) + g
ℓ
XB¯1(0, m
2
q,M
2)
+
[
gq−Xm
2
q + g
q
X
(M2−m2q)
2
M2
Z
]
C0(0,M
2
Z , 0,M
2, m2q , m
2
q)
−2sW cWQjZ (M
2−m2q)
2+m2qM
2
Z
M2
Z
C0(0,M
2
Z , 0, m
2
q,M
2,M2)
}
,
(13)
where the + (−) corresponds to left- (right-) handed leptoquarks and gfL/R = vf ∓ af
with the neutral current couplings being af = I
f
3 and vf = I
f
3−2Qfs2W .M jqℓ summarizes
the couplings between leptoquarks and fermions. The functions B1, C0, C00, and C12
are the Passarino-Veltman functions.21 We used the convention X = L,R and −L = R
(−R = L). We also defined
B0(k
2,M2,M ′
2
) ≡ 1
2
∆M +
1
2
∆M ′ + B¯0(k
2,M2,M ′
2
) , (14)
B1(k
2,M2,M ′
2
) ≡ −1
2
∆M + B¯1(k
2,M2,M ′
2
) , (15)
with ∆M given by Eq. (10). From this last expression we can obtain the effect of
F = 2 leptoquarks on the vertex Zqq¯ simply by the change ℓ ⇔ q. Moreover, we
can also employ the expression (13) to F = 0 leptoquarks provided we substitute
gLQ,X ⇒ hLQ,X and gq±X ⇒ −gq∓X .
With all this we have
∆ρLQnon =
FZfALQ
af
(M2Z) , (16)
∆κLQnon = −
1
2s2WQ
f
[
FZfV LQ(M
2
Z)−
vf
af
FZfALQ(M
2
Z)
]
. (17)
One very interesting property of the general leptoquark interactions that we are
analyzing is that all the physical observables are rendered finite by using the same
counter-terms as appear in the SM calculations.20 For instance, starting from the un-
renormalized self-energies (8) and the mass and wave-function counter-terms we obtain
finite expression for the two-point functions of vector bosons. Moreover, the contribu-
tions to the vertex functions Zff¯ and Wff¯ ′ are finite.
In order to check the consistency of our calculations, we analyzed the effect of
leptoquarks to the γff¯ vertex at zero momentum. It turns out that the leptoquark
contribution to this vertex function not only is finite but also vanishes at k2 = 0 for all
fermion species. Therefore, our expressions for the different leptoquark contributions
satisfy the appropriate QED Ward identities, and leave the fermion electric charges
unchanged. Moreover, we also verified explicitly that the leptoquarks decouple in the
limit of large M .
3. Results and Discussion
In our analyses, we assumed that the leptoquarks couple to leptons and quarks
of the same family. In order to gain some insight on which corrections are the most
relevant, let us begin our analyses by studying just the oblique corrections,22 which
we parametrized in terms of the variables ǫ1, ǫ2, and ǫ3. These variables depend only
upon the interaction of leptoquarks with the gauge bosons and it is easy to see that
leptoquarks contribute only to ǫ2. Imposing that this contribution must be within the
limits allowed by the LEP data, we find out that the constraints coming from oblique
corrections are less restrictive than the available experimental limits.5–7
We then performed a global fit to all LEP data including both universal and non-
universal contributions. In Table 1 we show the the combined results of the four LEP
experiments23 that were used in our analysis. In order to perform the global fit we con-
structed the χ2 function associated to these data and we minimized it using the package
MINUIT. We expressed the theoretical predictions to these observables in terms of κf ,
ρf , and ∆r, with the SM contributions being obtained from the program ZFITTER.24
In our fit we used five parameters, three from the SM: mtop,MH , and αs(M
2
Z), and two
new ones: M , and the leptoquark coupling denoted by gLQ. Furthermore, we have also
studied the dependence upon the SM inputs MZ , αem, and GF .
Table 1. LEP data
Quantity Experimental value
MZ [GeV] 91.1888± 0.0044
ΓZ [GeV] 2.4974± 0.0038
σ0had[nb] 41.49± 0.12
Re =
Γ(had)
Γ(e+e−)
20.850± 0.067
Rµ =
Γ(had)
Γ(µ+µ−)
20.824± 0.059
Rτ =
Γ(had)
Γ(µ+µ−)
20.749± 0.070
A0eFB 0.0156± 0.0034
A0µFB 0.041± 0.0021
A0τFB 0.0228± 0.0026
A0τ 0.143± 0.010
A0e 0.135± 0.011
Rb =
Γ(bb¯)
Γ(had)
0.2202± 0.0020
Rc =
Γ(cc¯)
Γ(had)
0.1583± 0.0098
A0bFB 0.0967± 0.0038
A0cFB 0.0760± 0.0091
The first part of our analysis consisted of the study of the constraints on the
leptoquark masses and couplings. In order to determine the allowed region in theMLQ–
gLQ plane, shown in Fig. 1 for the different models, we obtained the minimum χ
2
min of
the χ2 function with respect to the parameters above for each leptoquark model, and
we then required that χ2 ≤ χ2min + ∆χ2(2, 90%CL), with ∆χ2(2, 90%CL) = 4.61. In
this procedure, the parameters mtop, MH , and αs, as well as the SM inputs MZ , αem,
and GF were varied so as to minimize χ
2. We must comment here that the dependence
on αem and GF is negligible when they are allowed to vary in their 90% CL range. On
the other hand, the variation of MZ in the interval 91.18 ≤ MZ ≤ 91.196 leads to a
change on the allowed values of leptoquarks parameters of at most 1%.
The contour plots exhibited in Fig. 1 were obtained for third generation lep-
toquarks. From this figure we can see that the bounds are much more stringent for
the leptoquarks that couple to the top quark, i.e. for S1L(R), S3, and R2L(R), since
their contributions are enhanced by powers of the top quark mass. Moreover, the lim-
its are slightly better for left-handed leptoquarks than for right-handed ones, given
a leptoquark type, and the curve is symmetric around gLQ = 0 since the leptoquark
contributions are quadratic functions of gLQ.
The contributions from R˜2 and S˜1 are not enhanced by powers of the top quark
mass since these leptoquarks do not couple directly to up-type quarks. Therefore, their
limits are much weaker, depending on mtop only through the SM contribution, and the
Table 2. Lower limits (95% CL) for the mass of third generation leptoquarks in GeV for
different values of the couplings, assuming mtop = 175 GeV, αs(M
2
Z) = 0.126 ± 0.005, and
MH = 60− 1000 GeV.
gLQ S
R
1 S
L
1 S3 R
R
2 R
L
2 S˜
R
1 R˜
L
2√
4π 5800–3200 6000–3500 8000–3700 6000–3300 6800–3400 300–100 550–120
1 1200–550 1200–600 1700–700 1250–600 1400–600 — —
e
sW
550–200 600–225 900–325 600-250 700-250 — —
bounds for these leptoquarks are worse than the present discovery limits unless they
are strongly coupled (g2LQ = 4π). Moreover, the limits on first and second generation
leptoquarks are also uninteresting for the same reason. Nevertheless, if we allow lep-
toquarks to mix the third generation of quarks with leptons of another generation the
bounds obtained are basically the same as the ones discussed above∗, since the main
contribution to the constraints comes from the Z widths.
We next present our results as 95% CL lower limits in the leptoquark mass
and study the dependence of these limits upon all other parameters. For this, we
minimized the χ2 function for fixed values of αs, MH , and mtop and then required
χ2(αs,MH , mtop) ≤ χ2min(αs,MH , mtop)+∆χ2(1, 90%CL), with ∆χ2(1, 90%CL) = 2.71.
Our results are shown in Table 2 where we give the 95% CL limits obtained for a third
generation leptoquark for several values of the coupling constants gLQ (=
√
4π, 1, and
e/sW ). The values given correspond tomtop = 175 GeV and variation ofMH = 60−1000
GeV and αs(M
2
Z) = 0.126± 0.005, which is the range associated to the best values ob-
tained from a fit in the framework of the SM.23 For a fixed value of mtop and leptoquark
coupling constant, the dependence on αs(M
2
Z) andMH is such that the limits are more
stringent as αs(M
2
Z) increases and MH decreases. The SM parameters MZ , αem, and
GF have been also varied in their allowed range. However, this did not affect the results
in a noticeable way.
We would like to stress that the large apparent uncertainty associated with the
value of αs and MH can be considered somehow fictitious as the value of χ
2
min grows
very fast when we move from the central value αs = 0.126, MH = 300 GeV what
means that the quality of the fit for the extreme values of these parameters is rather
bad. For instance, αs = 0.117, results in a too high χ
2, even in the context of the SM
(χ2min > 26/12).
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